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Impact strengthAbstract In this study, the effects of graphene oxide (GO) on composites based on epoxy resin
were analyzed. Different contents of GO (1.5–6 vol.%) were added to epoxy resin. The GO/epoxy
composite was prepared using the casting method and was prepared under room temperature.
Mechanical tests’ results such as tensile test, impact test and hardness test show enhancements of
the mechanical properties of the GO/epoxy composite. The experimental results clearly show an
improvement in the Young’s modulus, tensile strength and hardness. The impact strength was seen
to decrease, pointing to brittleness increase of the GO/epoxy composite. A microstructure analysis
using Scanning Electron Microscopy (SEM) and X-ray diffraction (XRD) analysis was also per-
formed, which showed how GO impeded the propagation of cracks in the composite. From the
SEM images we observed the interface between the GO and the epoxy composite. As can be seen
from this research, the GO/epoxy composites can be used for a large number of applications. The
results of this research are a strong evidence for GO/epoxy composites being a potential candidate
for use in a variety of industrial applications, especially for automobile parts, aircraft components,
and electronic parts such as supercapacitors, transistors, etc.
ª 2014 Production and hosting by Elsevier B.V. on behalf of Housing and Building National Research
Center.Introduction
Graphene oxide (GO) composites are carbon-based materials
with excellent performance and low cost. They possess high
Young’s modulus and tensile strength [1–3]. They are applied
in a variety of civil, mechanical and aerospace applications.
Carbon ﬁber composites also have found widespread use since
their creation in the 1950s. They also have highly
advantageous mechanical properties, and at the same time they
are light and easy to manufacture [1]. GO materials are used in
polymer composite systems as ﬁllers to improve the
mechanical properties of the parent polymer materials [3].
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strong materials with many useful features. The effect of GO
in a rubbery epoxy matrix was studied by [4], who observed
that adding 6 vol.% GO considerably enhanced the impact
strength, Young’s modulus and micro hardness. However,
the method they proposed for preparation and mixing of the
solution did not sufﬁciently distribute GO in the epoxy matrix.
A microscopic examination showed agglomerates several tens
of micrometers large after maxing. Epoxy-based nano compos-
ites were fabricated by [5]. They studied the thermo mechanical
properties after dispersing GO using surfactants and sonica-
tion. According to [6], the modulus of epoxy-based composites
increases when ﬂuorinated GO is present. Zhu et al. managed
to signiﬁcantly improve the adhesion and dispersion of carbon
nanotubes and epoxy matrix through functionalization of
nanotubes [7]. The additions of alkylamino-functionalized
GO to the epoxy yielded better Young’s modulus and strength.
The polarity was increased by the functionalization and the
GO was directly made a part of the epoxy network. Past
research that uses GO to reinforce epoxy-based composites
shows that the matrix generally contains only a limited content
of GO and a homogeneous dispersion is achieved. However,
the processing time is long due to the use of solvent. In this
paper, the intention is to eliminate the use of solvent while rais-
ing the GO content and the homogeneity of dispersion. The
proportion of GO is increased in the epoxy matrix and it is
shown that the mechanical properties are enhanced as a result.
There is an improvement in hardness and tensile strength. The
GO/epoxy composites are more brittle, which is why there is a
reduction in impact strength.
Experimental
Material
Graphene oxide (GO)
The graphene oxide (GO) used in this study was supplied by
University Tenaga National, Malaysia. Normally, the Hum-
mers method is applied by oxidizing graphite using potassium
permanganate, sulfuric acid and nitric acid [8]. In this work, a
modiﬁed Hummers method was applied with sulfuric acid and
potassium permanganate as oxidizing agents to obtain a
natural graphite GO dispersion. The product was puriﬁed by
washing with HCl (5%) followed by DI H2O. An hour of
ultra-sonication was used to exfoliate the product. The GO
dispersion was ﬁnally accomplished.
Matrix
The epoxy system is 70% a clear epoxy resin and 30% a hard-
ener. These are mixed with varying amounts of GO to obtain
the composite. Clear epoxy resin has a viscosity ranging from
11,000 to 14,000 cps. A curing agent called Amicure 101, which
is a non-MDA aromatic amine made by Daemyung Chemical
Tech., is used to ensure good wetting conditions to the GO
reinforcement ﬁller.
Composite preparation (GO/epoxy)
Different percentages by volume of GO (0, 1.5, 3, 4.5, 6) were
used to obtain epoxy blends with 70:30 equivalent epoxy ratio.The composites were mixed for 10 min at 25 C. The samples
were placed in an oven at 40 C. The samples were held inside
oven for 3.5 h at 40 C to get rid of moisture that may be
adsorbed on the surface. After 48 h at the room temperature
(25 C), the GO reaction with epoxy was complete. The GO
and epoxy contents are shown in Table 1.
Mechanical testing
Tensile testing
A CNC milling machine was used to create dog-bone shaped
tensile test specimens as shown in Fig. 1. A universal testing
machine from Intron was used to do tensile tests at a constant
displacement rate of 1 mm/min and temperature of 25 C
(Fig. 2). The loading rate is kept at a small value to facilitate
a comparative analysis with materials that are more ﬂexible
and ductile. The strain, tensile strength, % elongation and
modulus were also measured by using Bluehill software. The
samples were 3 mm thick and the composite specimen was
32 mm long. Tensile tests followed the ASTM standard D638
and involved ﬁve specimens for GO contents of 0–6 vol.%.
Impact testing
A CEAST 6545 pendulum was used to conduct Charpy impact
tests according to the D638 ASTM standards. The dimensions
of the specimens were 115 mm · 13 mm · 3 mm and they were
horizontally mounted up on both ends as a simple beam. A spec-
imen is shown in Fig. 3, where notch is formed at the center of
each specimen. The Charpy impact strength, which is the energy
required to create a fracture that goes on to break the specimen,
is obtained for a specimen with a single notch using Eq. (1):
ðacuÞ ¼ w
h:b
 103 ð1ÞHardness test
Average readings of hardness were obtained for each compos-
ite specimen by measuring two points with a micro-hardness
tester. The average diagonal lengths of indentation were
measured and the unit was deﬁned according to Vickers hard-
ness. The test method involves using a diamond indenter to
indent the test material. Fig. 4 illustrates the method. Eq. (2)
was used to obtain Vickers hardness:
HV ¼ ð2F sin 136=2Þ=d2 or
HV ¼ 1:854F=d2 ðapproximatelyÞ ð2Þ
where, d= arithmetic mean of the two diagonals, d1 and d2 in
mm, F= load in kgf.
XRD analysis
The crystalline information of GO, pure epoxy and GO/epoxy
composite was obtained using wide angle X-ray diffraction
(WAXD) on a Bruker D8 Advance diffractometer with mono-
chromatized Cu Ka radiation at wavelength of 0.154 nm. Test
specimens were prepared from sheet specimens and placed on a
slide holder for analysis. The diffractograms were typically
acquired in 2 h ranges from 50 to 850 at a scanning rate of
20 min1 and an accelerating voltage of 40 kV and current of
20 mA, at ambient temperature.
Table 1 Composition ratio of epoxy resin, hardener and (GO).
Epoxy/GO composite Content of GO (vol.%) Epoxy
Resin (vol.%) Hardener (vol.%)
Pure epoxy 0.0 70 30
EP + 1.5 vol.% 1.5 68.95 29.55
EP + 3.0 vol.% 3.0 67.9 29.1
EP + 4.5 vol.% 4.5 66.85 28.65
EP + 6.0 vol.% 6.0 65.8 28.2
Fig. 1 Tensile sample at different vol.% contents of GO.
Fig. 2 Tensile testing.
Fig. 4 Indentation geometry of hardness test [9].
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Tensile properties
The results of the tensile tests showed that adding GO
increased the tensile strength, load, Young’s modulus andFig. 3 Charpy imelongation. The fracture strain was seen to go down. As is seen
in Fig. 5, addition of GO to the epoxy composite induced a rise
in tensile strength from 7 MPa to 13 MPa. When GO content
was 1.5 vol.%, the maximum strength was 13 MPa. An
increase of GO content beyond this amount caused a reduction
in tensile strength to 7.5 MPa. To further analyze the inﬂuence
of GO addition to the mechanical properties of the composite,
the following variables were assessed, both independently and
in terms of their mutual interaction: structure, oxidative treat-
ment and concentration level. Fig. 6 shows the effect of GO
content on the Young’s modulus of the epoxy composite.
The modulus pronouncedly increased from 115 MPa to
206 MPa for GO content between 0 vol.% and 6 vol.% con-
centration range. While the surface functionality and disper-
sion of the material is initially inadequate, addition of GO
improves the properties of the composite. The interfacial adhe-
sion also improved due to the compatibility between GO and
the epoxy matrix. The maximum applied load (tensile strength)
to the GO/epoxy composite is 234 N at 1.5 vol.% content of
GO. The load increased from 126 N to 234 N when GO con-
tent reached 1.5 vol.%. The applied load decreased dramati-
cally from 234 N to 135 N when the GO content went from
1.5 vol.% to 6 vol.%, as shown in Fig. 7. Fig. 8 shows how
the GO content affects the elongation. As GO contentpact specimen.
Fig. 5 Tensile strength of graphene oxide/epoxy composite at
different contents of (GO).
Fig. 6 Young’s modulus of GO/epoxy composite at different
contents of GO.
Fig. 8 Max. elongation at break of GO/epoxy composite at
different contents.
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1.5 vol.% GO, elongation at break value jumps from 38% to
55% at 6 vol.%, the elongation becomes 65%.
Impact properties
The results of the Charpy impact tests are presented in Fig. 9.
Five single-notched specimens were used for each laminate
family. With GO addition, the impact strength increased from
2.56 J/mm2 to 39.7 J/mm2 at a GO content of 4.5 vol.%. It
decreased to 32 J/mm2 at GO content of 6 vol.%. GO incorpo-
rated into the epoxy composite matrix structure by enableing a
chemical bond formation with epoxy resin and the ﬁller.Fig. 7 Max. load of GO/epoxy composite at different contents
of (GO).Micro hardness properties
Fig. 10 shows the effect of GO content on the hardness of the
epoxy matrix. A load of 19.62 N was applied in the Vickers
hardness test. At 1.5 vol.% GO, hardness went up to 224.6
HV while it increased to 227.2 HV at 3.0 vol.%, at which point
the value reached the maximum. The trend of increase can be
attributed to the high modulus and aspect ratio of GO. The
hardness value is lowest at 6 vol.% GO. With higher contents,
the voids created during fabrication increased. Also, it was
observed from the hardness tests that the mechanical proper-
ties for the refrigerated samples are better than for the samples
at room temperature.
X-ray diffraction (XRD) analysis
The XRD patterns of epoxy, GO and the composite are shown
in Fig. 11. The basal reﬂection peak (001) of pure GO at
2h  8.00 is shifted to 2h  20.50 in the GO/epoxy spectrum
because of the intercalation of epoxy chains in the interlayer
spacing of GO. Both pure epoxy and the GO/epoxy compos-
ites exhibit an intense peak at a 2h value of 22.50, correspond-
ing to a basal spacing of 3.95 A. This indicates the formation
of several layers of GO. The peak at 2h  22.50 is attributable
to the formation of graphene oxide structures. The broad peak
centered at 2h  22.50 is attributable to the intercalation of
epoxy chains between the stacked GO layers. The spectrumFig. 9 Effects of graphene oxide (GO) content on the energy
capacity.
Fig. 10 Effects of graphene oxide content on composite
hardness.
Fig. 11 XRD patterns of epoxy, GO, GO/epoxy composite.
a
b
c
d
Fig. 12 SEM fracture surface samples. (a) Tensile sample at pure
epoxy (b) tensile fracture surface at 1.5 vol.% GO content (c)
tensile fracture surface at 6 vol.% GO content (d) impact fracture
surface at 4.5 vol.% GO content.
Mechanical properties of graphene oxide 155of pure epoxy shows two amorphous peaks at 2h  20.50 and
22.50. The absence of characteristic peak of GO in the com-
posites indicates the delamination of GO layers in the presence
of epoxy. The XRD data also imply the homogeneous disper-
sion of GO in the composites. However, XRD is not the best
tool to determine crystal layer delamination or the homogene-
ity of dispersion. High magniﬁcation electron microscope can
be used to conﬁrm the homogeneity of the composites.
SEM results
The SEM images of tensile fracture surfaces with pure epoxy
resin are shown in Fig. 12. A smooth fracture surface is seen
in Fig. 12(a) at 500· magniﬁcation, which indicates a brittle
fracture. Fig. 12(b) shows how with 1.5 vol.% GO, the fracture
surface becomes cloud-like and rough. Adding more GO
roughens the fracture surface. The cracks become more ran-
domly dispersed, indicating that the GO network acts as an
obstacle to crack propagation. GO has a high speciﬁc surface
area. Also, the adhesion with the matrix is very sturdy. Thus,
GO addition enhances the strength of the composite. However,
further addition of GO (beyond 1.5 vol.%) leads to the forma-
tion of clusters within the GO network that are in the scale of
microns. This inhibits the stress transfer from the resin matrix
to the GO network, thus deteriorating the strength of the com-
posite. This is explored in detail in [9] and [10]. Fig. 12(c)
shows the cross-section of the fracture surface of the composite
at 6 vol.% GO after a tensile test. It is clear from the SEM
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Upon impact, the crack propagates in the direction of the ten-
sion, and then proceeds to the weak interfaces, ﬁnally damag-
ing the material. A more detailed analysis is presented in [11].
Fig. 12(d) shows the morphology of the fractured surfaces
after the impact test. At 4.5 vol.% GO, the fracture surface
is non-uniform. The polymer ﬂow is hindered by the GO
agglomerates. The composite surface shows signs of brittle-
ness, with a rougher surface than neat epoxy. The pull-out of
the GO in the epoxy matrix is also seen to decrease.
Conclusion
Graphene oxide (GO) has great potential due to its excellent
mechanical properties and high aspect ratio. In this study,
the inﬂuence of graphene oxide (GO) on epoxy matrix com-
posite was investigated. Adding 1.5 vol.% GO to the epoxy
matrix increased the tensile strength, hardness and Young’s
modulus of the composite compared to the pure epoxy matrix.
The signiﬁcance of the homogeneity of the composite for the
mechanical properties of composites was demonstrated by an
increase in the Young’s modulus when plotted with the
vol.% of GO between 1.5% and 6% from Fig. 6. While the
tensile strength and impact strength increased with GO addi-
tion. Considering their advantageous properties, GO/epoxy
composites would work very well in applications in the elec-
tronic, aerospace and automobile industries.
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